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ABSTRACT
N-(p-(2-benzimidazolyl)phenyl)maleimide (BIPM) reacts 
with thiols to form highly fluorescent derivatives. These com­
pounds can be separated and detected using high-performance 
liquid chromatography (HPLC) and fluorescence detection. For 
certain thiols the detection limit is less than 5 nM (1 picomole). 
Optimum reaction and HPLC conditions are reported here.
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I. INTRODUCTION
Thiols are important biological, biochemical, and environ 
mental compounds. They occur biologically primarily in the cells 
of organisms (1,2,3,4,5), in urine (3,6,7,8), in plasma (7,9), 
and in serum (2,10). Important biological thiols include some 
coenzymes (11,12) and metallothioneins (11,13). Thiols function 
as antioxidants (14) , coagulants (15), and detoxifiers of heavy 
metals (13,16). Clinically, D-penicillamine (a thiol) is used 
in treatment of several diseases (6,10). Environmentally, thiols 
occur in decomposing organic matter, sediments, soils, pore 
waters, and sewage (11,16,17).
Since thiols are such important compounds, it has become 
important to find ways to detect these compounds sensitively, 
selectively, and with a relative amount of ease. Sekine (12) 
lists several methods of detecting thiols including iodometry, 
amperometry, and titrations. A recent trend has been to separate 
thiols using high-performance liquid chromatography (HPLC). This 
can be done without precolumn derivitization with electrochemical 
detection (18) or with precolumn derivitization and electro­
chemical (19), UV (4), or fluorescence detection (1-7,9-12). 
Useful reagents for fluorescence derivitization include o- 
phthalaldehyde plus a primary amine (11), monobromobimanes 
(1,5,7,20,21), and maleimides (2,3,6,9,12,22-24).
In these experiments N-(p-(2-benzimidazolyl)phenyl)- 
maleimide (BIPM) was used as a derivitization agent for standard 
thiols which could be separated and detected using HPLC and
1
2fluorescence detection. Maleimides are fairly nonfluorescent 
compounds which become highly fluorescent upon reaction with 
thiols. Sekine (12) illustrates the reaction of thiols with BIPM 
including the hydrolysis reaction the derivative may undergo.
When reacted on ice at a slightly acidic pH, BIPM forms 
stable derivatives within about 40 minutes. Emphasis here is 
placed on the adaptation of Sekine's BIPM experiments to HPLC 
and optimization of reaction and HPLC conditions.
II. EXPERIMENTAL
Research was done under the supervision of Dr. Kenneth 
Mopper at the University of Miami Rosenstiel School of Marine 
and Atmospheric Science.
A. Instrumentation
The apparatus was an HPLC system with fluorescence 
detection. The injection loop volume was 200 uL and a 6 port 
injector from Valeo Instruments Co. was used. The loop was 
rinsed with milli-Q grade water between injections. A 2"x22 g 
blunt needle HPLC syringe was used to take up standard or sample 
and load into the injector. To achieve gradient elution, a 
Chromat-a-trol Model II from Eldex Laboratories was used which 
controlled opening and closing of the solenoid valves (General 
Valve Corporation). The pump was also from Eldex laboratories 
and was Model B-100-S. To compensate for opening and closing 
of the solenoid valves which results in pulses of solvent A and
B, a Gilson 811 Dynamic Mixer, Gilson International, was used 
which achieved a more thorough mixing. The column was a reversed 
phase C18 column, 10 cm long with partical size of 10 y and 5 y. 
This was a Radial-PAK cartridge which was part of the Radial 
Compression Separation System from Haters Associates which con~ 
sisted of a Radial Compression Module (RCM-100). A precolumn and 
screen filter were placed before the column (as indicated in 
Figure 1) to remove impurities and maintain a clean column. The 
precolumn had a C18 packing and was from Upchurch. The screen 
filter was from Waters. The fluorescence detector was Model
3

FD-200 Variable Wavelength FJuoreseenee Detector, Spectro Vision# 
Inc. The fjuorimeter bad xenon flash lamp usable from 190—
800 nm. A 2,,x2, square emistiion filter from Spectro Vision , 
filter number CF--360 with a cut-ol* wavelength of 360 nm was 
used. Finally, to record peak areae, a 3390A reporting inte­
grator from Hewlett Packard was used. Figure 1 is a block dia­
gram of the instrumentation set-up.
B. Chemicals
All buffers were made in milli-Q grade water (Millipore 
Corp.), Dilutions were done in either milli-Q water or filtered 
seawater# both of which were deairated by bubbling nitrogen gas 
through them. Seawater, as well as the buffer used for the 
mobile phase# were filtered using a 0.45 micron filter and vacuum 
filtration. Sodium phosphate monobasic from Mallinckrodt and 
tetrabutylammonium acetate from Fluka in milli-Q water were used 
for Solvent A. Solvent B was unfiltered acetonitrile UV from 
American Burdick and Jackson. Both the solvents were deairated. 
The reagent BIPM was from Wako Pure Chemical Industries. Stock 
thiol standards and tributylphosphine were from Aldrich Chemical 
Company. The 3-(N-morpholino)propanesulfonic acid (MOPS) came 
from Sigma Chemical Company; acetate was from Fluka; hydrogen 
borate came from Mallinckrodt. Methanol for the overall 
fluorescence measurements was from American Burdick and Jackson. 
The following are the thiols and inorganic sulfur compounds 
that were tested as standards:
62- Mercaptoethanol (2-ME)
3- Mercaptopropionic acid (3-MPA)
2-Mercaptopropionic acid (2-MPA)
Glutathione (GSH)
Thiomalic acid (TMA)
Mercaptoacetic acid (MAA)
Ethanethiol (EtSH)
Methanethiol (MeSH)
Coenzyme M (CoM)
Cysteine (Cys)
Homocysteine (H-Cys)
Dimethyldisulfide (DMDS)
Potassium sulfide 
Sodium eulfite 
Sodium thiosulfate
C • Methods 
Reaction Mixtures:
BIPM was prepared to 100 mM in acetone (12) and kept 
refrigerated. Because thiols tend to oxidize with exposure to 
air# concentrated solutions of 10 mM of single thiols were pre­
pared ahead of when needed and kept refrigerated# then diluted 
to 10 to 20 yM at the beginning of the day. The dilute solutions 
were then thrown out at the end of the day. Solutions containing 
several thiols# 10 pM in each# were sometimes kept for several 
days and refrigerated overnight. In general# reactions of one
7to three thiols were done by first diluting the 10-20 MM thiols 
to 1-2 mM with seawater. Mixtures of thiols were diluted to 
5 mM with milli-Q water, then to 0.5 mM with seawater just prior 
to reaction. The resulting reaction mixtures were then 
1-3 Thiols
100 mL 10-20 mM thiol(s)
900 \ i L  seawater 
200 pL 1 M buffer 
100 mL 100 mM BIPM 
Mixture of thiols
50 mL mixture of thiols, 10 mM in each
50 mL milli-Q water
900 mL seawater
200 mL 1 M buffer
100 ML 100 mM BIPM
Lower concentrations of individual thiols were needed when many 
thiols were present to allow for quantitative reaction with the 
amount of BIPM used.
Overall Fluorescence Experiments:
To a reaction mixture, enough methanol was added to obtain 
approximately 25% methanol. A mobile phase of 25% methanol, 75% 
milli-Q water was used. Reaction mixtures were injected onto a 
system with no column. One peak for each reaction mixture was 
therefore obtained and peak areas were compared for different 
conditions. The number and kind of thiols was kept constant while
other conditions (pH, reaction temperature, etc.) were changed. 
Fluorescence was measured at room temperature.
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HPLC:
Reaction mixtures, as indicated previously, were injected 
as-is onto the HPLC column. Gradient elution was used. For 
initial experiments, a short run-time was used. When optimum 
conditions were established, a longer gradient was established to 
allow for better separation of the compounds. The flow rate was 
1.4 mL/minute at a Vernier setting of 55. Other HPLC parameters 
were set at the following:
Chart speed: 0.5 cm/min
Response: 0.2 or 0.5 sec
Attenuation: 9 (for 500 nM solutions)
4 (for 5 nM solutions)
The weak solvent, solvent A, was 36 mM phosphate buffer adjusted 
to a pH of 3 with phosphoric acid; the strong solvent, B, was 
acetonitrile (this is a slight variation of the method used in 
reference 22). When the final gradient was established, enough 
of the ion paring reagent tetrabutylammonium acetate was added to 
solvent A to make it 5 mM in tetrabutylammonium acetate. HPLC 
was done at room temperature.
pH Experiments:
Reaction conditions for the pH series were as follows: 
react for 30 minutes at 0°C, add acetic acid (20 |iL for pH 9,
15 yL for pH 7, 10 yL for pH 5) to bring the pH to 3-4.
9Time, Temperature Experiments:
Reactions were done at 0°C by placing reaction vessels in 
an ice bath. An HPLC run was done at certain time intervals to 
watch the progression of the reaction. Room temperature reactions 
were allowed to go for varying amounts of time and were stopped by 
addition of acetic acid in the same manner as was done for pH 
experiments. In both the room temperature and the 0°C reactions, 
the reaction mixtures were buffered with the pH 7 MOPS buffer.
Determination of Retention Times:
To determine the retention times of each of the thiols, a 
mixture containing all organic thiols, as listed earlier, was made 
and was 10 yM in each. The mixture was spiked with 10-20 yM of 
the thiol in question. The resulting mixture was 
50 uL mixture of thiols, 10 yM in each 
50 yL 10-20 yM single thiol 
900 yL seawater 
200 yL 1 M pH 7 MOPS buffer 
100 yL 100 yM BIPM
III. RESULTS AND DISCUSSION
A. Optimizing Conditions 
Fluorescence:
A UV spectrum of the maleimide derivative of 3-MPA was 
taken (Figure 2) versus a blank and an absorbance maximum was 
observed at 260 nm. Fluorescence was then measured using an 
excitation wavelength of 315 nm as recommended by Sekine (12) 
and the emission spectrum was taken between 330 nm and 430 nm 
(Figure 3). Both the blank and the derivative peak showed an 
emission maximum at about 355 nm. Subtracting the blank peak 
from the derivative peak would give a slightly higher maximum, 
not specifically determined, but according to Sekine (2), it 
occurs at 365 nm.
Since the UV spectrum gave a maximum at 260 nm, excita­
tion wavelengths of 260 nm and 315 nm were compared with emission 
cut-off filter of 360 nm. Table 1 gives the results. Since the 
sample/blank ratio for the excitation wavelength of 315 nm was 
greater than that for 260 nm, 315 was chosen as the optimum 
excitation wavelength.
pH:
Reactions were done in seawater which interacted with the 
buffer present in the reaction mixture to change the overall pH. 
Table 2 lists the 1 M buffers used, their pH, and their pH in 
seawater. The HOPS buffer was chosen for the pH 7 buffer rather
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Table 1. Fluorescence Intensities at Different Excitation
Aem
Wavelengths 
360 nm
Aex(nm) Sample Blank
Sample
Blank
260 14.35 11.70 1.23
315 1.52 0.74 2.05
Table 2. Buffers Used and pH in Seawater
1 M Buffer PH PH in seawater
Acetate 3 3.1
Acetate 5 4.8
MOPS 7 6.6
Borate 9 8.2
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than a phosphate buffer since the latter would result in precipi­
tation of calcium phosphate when mixed with seawater. For non­
seawater samples, a phosphate buffer of slightly acidic pH 
(e.g. 6.85) would be appropriate.
Overall, fluorescence intensity increased approximately 
with pH (Table 3). When the pH 9 buffer was used, the higher 
fluorescence intensity was probably due to hydrolysis of the 
maleimide derivative to form more fluorescent products. Since 
each of the thiols have acidic characteristics (many of them are 
carboxilic acids), deprotonation in basic solution will occur.
The deprotonated species may produce a more fluorescent adduct. 
This could also account for the increase in fluorescence with pH. 
When the pH was acidic, the low fluorescence intensity was 
apparently due to incomplete reaction. When the pH 3 buffer was 
used, the initial reaction rate seemed to be negligible since 
fluorescence of the blank was equal, within experimental error, 
to that of the reaction mixture. From the fact that even for 
the pH 3 reaction mixture fluorescence intensity had increased 
after long incubation time (approximately 16 hours), it appears 
that the reaction must have been occurring at a slow rate. This 
might indicate that lowering the pH to between 3 and 4, as done 
with the higher pH reaction mixtures, does not stop the reaction, 
but only slows it down. The data in Table 3 support this.
Since overall fluorescence intensity was greater with 
pH 9 and 7 buffers and since reaction rate seemed to be much 
slower at lower pH, the column was put in place and experiments
15
Table 3. Fluorescence at Different pH's
30 Minute Reaction; Acid Added to Stop React ion
pH Of Buf fer
Initial 
Overall 
Fluorescence 
X107 IU
Fluorescence After 
16 Hours 
X107 iu
Initial Blank 
Fluorescence 
XlO7 r*
Fluorescence 
of Blank 
After 16 Hours 
X107 IU
9 9.05 11.52 2.40 2.76
7 8.12 10.79 2.43 2.85
5 1.97 3.66 0.99 0.98
3 2.76 4.27 2.57 1.78
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were done to examine the significance of hydrolysis at higher pH. 
Three different thiols were tested: 2-ME, GSH, and 3-MPA. When
the pH 9 borate buffer was used, 2-ME showed tv/o major and one 
minor peak which increased in area with time; 3-MPA gave two major 
peaks? GSH exhibited only one peak. Using the pH 7 MOPS buffer, 
2-ME gave one major and one minor peak, and both 3-MPA and GSH 
exhibited one peak each. These results are inconsistent with 
data obtained later which show that 2-ME and 3-MPA exhibit one 
peak while GSH exhibits two when reaction is done in the 
presence of a pH 7 buffer. Despite this, it is still believed 
that hydrolysis is significant with a pH 9 buffer and that a 
pH 7 buffer is a more appropriate choice.
Reaction conditions using both buffers were the same and 
were as follows: react thiols at room temperature for five
minutes? add acetic acid to "stop" the reaction; inject onto 
HPLC system.
Temperature, Time:
Tests had to be done to determine whether a reaction done 
at room temperature and "stopped" with acid or a reaction done on 
ice was more effective. A reaction done at room temperature 
would have the advantage of being fast, but the disadvantage of 
rapid formation of hydrolysis products. The derivitization 
reaction would therefore have to be stopped when complete, but 
before significant hydrolysis occurred. There i© also the fact 
that lowering pH does not stop the derivitization reaction but
17
does slow it considerably. Using a room temperature method, for 
these reasons, would require the analyst to be very accurate as 
far as how long the reaction was allowed to go so the degree of 
completion of the derivitization reaction and hydrolysis product 
formation would be consistent. The analyst would also have to be 
accurate with the amount of acid that was added and the time 
after the acid was added that the analysis is done.
Reaction on ice has the disadvantage of taking longer, 
but the advantages of no hydrolysis product formation and reduced 
accuracy in reaction time required.
For the room temperature reaction, overall fluorescence 
intensity increased with reaction time due to formation of 
hydrolysis products (Figures 4,5). This is in agreement with 
Sekine who reported a 3% increase in fluorescence intensity after 
10 minutes at pH 6.85 and 25°C and at pH 8.1 and 25°C showed an 
increase of 11% after 10 minutes due to the formation of more 
fluorescent hydrolysis products. The five minute room tempera­
ture reaction was therefore chosen to compare with a reaction 
done at 0°C.
2-ME and GSH were used to compare the two reaction condi­
tions, and peak areas of the individual compounds were compared 
by using the HPLC system rather than by measuring overall 
fluorescence. Fluorescence increased initially after reaction 
on ice but levelled-off after about 40 minutes and remained 
relatively constant (1-2% increase) for at least 2.5 hours after 
reaction, if allowed to remain on ice (Figures 6,7). The point
18
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at 35 min reaction time for SSH is probably anomalous. For the 
room temperature reaction, peak areas fluctuated by 2% for GSH 
and by 4.6% for 2-ME between 5 minutes and 5 hours after addition 
of acid (Table 4). This is within experimental error and can 
be considered to be constant.
Peak areas were smaller when the reaction was done at 
room temperature, apparently due to incomplete reaction. A 
slightly longer reaction time, say 7 or 8 minutes could have been 
used, but hydrolysis product formation comes into play at these 
reaction times. 0°C was therefore chosen as the appropriate 
reaction temperature since hydrolysis products were negligible, 
peak areas were greater which means sensitivity is greater, and 
greater flexibility was allowed with reaction time, 40 minutes 
being minimum.
Gradient:
Once the appropriate pH, reaction temperature, and 
reaction time were decided upon, an ion-pairing agent (tetrabutyl- 
ammonium acetate) was added to solvent A and a gradient which gave 
adequate separation of the thiols was fixed upon. Figure 8 shows 
the progression of changes in the gradient. Figure 9 is a graph 
of the final gradient and a chromatogram of a mixture of thiols 
when this gradient was used.
Retention Times, Peak Area Precision:
Table 5 lists the approximate retention times of the nine 
thiols tested. It also gives the average area of each thiol at
21
Table 4. 5 Minute Room Temperature Reaction
Hours After Peak Area (XIO^ IU)
Acid Added GSH 2-ME 3-MPA
0.08 6.82 6.08 2.99
0.33 6 .68 5.81 3.05
5.00 6.77 5.80 3.38
Table 5. Approximate Retention Times, Average Peak Area, and
RSD for 500 nM Standard Thiols
Compound Retention Time Retention Time Average Relative
Major Peak Minor Peak Area Standard
(Minutes) (Minutes) X107 IU Deviation (%)
Cys 5.2 4.7 3.21 4.70
H-Cys 6.8 3.45 4.89
GSH 10.6, 10.75 6.46 4.40
2-ME 12.0 3.61 8.58
MAA 13.9 3.45 4.15
3-MPA 14.5 1.84 9.57
TMA 14.9 2.16 10.32
2-MPA 15.8 15.4 1.77 8.40
Co-M 16.5 3.17 2.34
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the 500 nM level and relative standard deviation from six or seven 
runs. Figure 10 is a typical chromatogram of the thiols at the 
: 10 nM level.
Reactivity
Peak Arc^/Concentration Correlation, Detection Limit:
All thiols tested appeared to be reactive with BIPM, 
except ethanethiol and methanethiol. No peak occurred for either 
compound, but when dimethyldisulfide and a reducing agent were 
present, a peak which apparently corresponds to methanethiol 
appeared.
Thiol concentrations of 3.G, 7.7, 30, 77, and 300 nM in 
each thiol in a mixture were used to determine the linearity of 
response (Figure 11).
H-Cys, GSH, 2-ME, 3-MPA, and TMA gave the best linear 
correlation of area vs. concentration (.996 for H-Cys, >.999 for 
GSH, .998 for 2-ME, .995 for 3-MPA, .994 for TMA) (Figures 12, 13, 
14, 15, 16). A linear relationship down to about 38 nm (7.7 
picomole) or as low as 3.8 (.77 picomole) was obtained.
The detection limit was about 1 pmol for H-cys, MAA,
3-MPA, TMA, and 2-MPA. The detection limit was somewhat lower 
for Cys, GSH, 2-ME, and CoM. The lowest concentration tested was 
3.8 nM and the injection volume was 200 pL.
Inorganic Thiols and Natural Samples:
The reactivity of the inorganic sulfur compounds was 
examined by spiking the mixture of organic thiols with an excess
25
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of an inorganic compound ard seeing if the resulting chromatogram 
looked the same as an unspiked chromatogram. Sulfite and thio­
sulfate appeared to be unreaotive with BIPM. Hydrogen sulfide 
did react when in excess (2 mM sulfide with 10 gM BIPM) and pro­
duced several late-eluting peaks at 18.9, 21.9, and 22.3 minutes 
(Figure 17).
When a natural sample of pore waters was tested, very 
large, late eluting peaks appeared which masked some of the thiol 
peaks* (Pore water is the water found in sediments). It appeared 
as though those peaks were due, at least partially, to a large 
amount of sulfide present. The peaks increased in area with 
depth in the core sample. Since so much sulfide was present, it 
was consuming all of the BIPM, subsequently, for deeper samples, 
more BIPM was added for quantitative reaction. An example of a 
chromatogram of a natural pore water sample containing a large 
amount of sulfide is given in Figure 18. When present in large 
excess, the only peaks that sulfide appears not to mask are 
cysteine, homocysteine, glutatione, and possibly 2-ME.
Tributylphosphine s
Tributylphosphine (TBP) was prepared in 2-propanol and 
added to solutions of thiols 5-10 minutes prior to reaction. TBP 
is used in release of S-S linked and metal-bound thiols (25). 
Problems with 2-propanol interfering with the chromatography, 
and possibly interference of TBP with the reaction of BIPM with 
the thiols as exhibited by a peak which appeared at 14.1 minutes
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when DMDS, an S-S linked thiol, was present in the reaction mix­
ture (Figure 19). Peak areas, overall, were smaller when TBP 
was present. A possible cause of this is that thiols were par­
titioning into the TBP layer. (TBP has low solubility in water.) 
Using lower concentrations of TBP might prove to be more effec­
tive in achieving reduction. 50 \ \ L  of 20% TBP was used in these 
experiments. A much lower concentration is recommended for sub­
sequent studies, but no more than 100 jjL should be added in order 
to avoid chromatographic interference from 2-propanol.
C . Chromatographic Characteristics
Optical Activity:
Those compounds which were optically active, namely 
cysteine, homocysteine, glutathione, 2-MPA, and thiomalic acid, 
reacted with BIPM to form a product with two chiral centers. 
Depending on the handedness of the centers, the racemates were 
retained more or less on the column. This resulted in double 
peaks for cysteine, glutathione, and 2-MPA. Homocysteine and 
thiomalic acid exhibited single peaks, but for homocysteine the 
peak was wide indicating inadequate resolution of the racemates. 
None of the non-optically active thiols gave double peaks, sup­
porting chirality as the explanation for the double peaks.
The Blank:
The blank trace showed three peaks eluting between 0.5 
and 2 minutes. These peaks arose from the MOPS buffer, the
rom
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seawater, and the reagent BIPM. The rest of the blank peaks were 
due only to BIPM, A peak eluting around 8.3 minutes was unimpor­
tant since it elutes separate from all other peaks. A significant 
blank peak at about 11.3 minutes increased as the BIPM solution 
became older (on the order of a week or so) (Figure 20). This 
peak eluted between GSH and 2-ME and only caused interference 
with 2-ME at low concentrations. This interference could be 
minimized by making new stock BIPM solution when analysis of 2-ME 
was critical. The only other blank peak which caused interference 
with a peak of interest occurred at about 16.4 minutes, which was 
almost simultaneous with CoM, This too, only became significant 
at low concentrations. Changing the gradient slightly would 
probably improve separation. Other significant peaks at high 
sensitivity occurred at approximately 18.6, 19.4, 21.6, and 21.8 
minutes. Figure 21 is a chiomatogram of the blank at high sensi­
tivity.
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IV. CONCLUSIONS
A. Further Research
The obvious next step in experimentation is to test the 
use of BIPM on derivitization of natural samples. Natural samples 
containing thiols with little or no sulfide should be tested.
Some possibilities are blood, serum, urine, and foods containing 
thiols such as onion and garlic. Studies of this sort are cur­
rently under way (K. Mopper, personal communication). This 
method would be particularly useful with natural samples that 
are slightly acidic since no buffer would be required, thus 
thiols at lower concentrations could be detected since no diluting 
would be done.
Another subject for possible further research is to con­
tinue experimentation with TBP at subsequently lower concentra­
tions. This would tell more certainly whether TBP was effective 
in releasing S-S bound and metal bound thiols. Other reducing 
agents such as dithiothreitol (19) and borohydrite (20) could 
also be tested.
Since BIPM derivatives absorb strongly at about 260 nm,
UV detection could be tested as an alternative to fluorescence 
detection. Electrochemical detection, which Shimada (22) used 
for maleimide derivitized thiols, could also be tested to see if 
greater sensitivity could be achieved.
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B. Utility
The BIPM method may find usefulness because of its stable 
products when reaction is done at slightly acidic pH on ice and 
allowed to remain on ice. The stability of the products allows 
the analyst flexibility in time of reaction, 40 minutes being 
minimum. Another advantage of this method is the high degree of 
linearity in the measured response.
Many methods exist for detection of thiols using HPLC 
and fluorescence, UV, or electrochemical detection. The detec­
tion limit of approximately 1 picomole, that is less than 5 nM 
with a 200 uL injection volume, for the BIPM method is comparable 
to that of bromobimane derivatized thiols (25) and other methods 
used to detect thiols. Since many thiols occur in biological 
systems in urine, intercellularly, in plasma, etc. (1,3,9) at 
much higher concentrations than 5 nM, BIPM may find use as an 
alternative method for detecting these thiols, if dithiols are 
to be detected it must be determined if a method for reducing 
these can bo used in conjunction with BIPM derivitization. For 
detecting thiols at very low concentrations, other methods must 
be employed (2,11).
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